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ABSTRACT

The radiative lifetime of the 2s22p2 1S0 level in O2+ has been measured via the magnetic-dipole (M1) transition
2s22p2 1S0 ! 3P1 at 232.17 nm. Data were recorded in a Kingdon trap, with the source of ions a 14 GHz electron
cyclotron resonance ion source. The lifetime of the 1S0 level was found to be 540 � 27 ms. This is in good
agreement with a previous measurement and with a number of theoretical calculations. Metastable lifetimes,
when combined with collisional excitation rates, can provide a diagnostic for electron density Ne in a stellar or
solar plasma.

Subject headings: atomic data — atomic processes

1. INTRODUCTION

Transitions in the O2+ ion are detected in a variety of as-
trophysical objects at wavelengths from the k88400 nm
ground-state fine-structure transition detected by the Infrared
Space Observatory (ISO) in the interstellar medium (Hunter
et al. 2001) to the visible spectrum, in which the ratio of the
transition intensities k436.3 nm/k500.7 nm is used as a di-
agnostic of gas temperature in AGNs (Nagao, Murayama, &
Taniguchi 2001) and the [O iii] k 500.7 nm transition intensity
is used to map out Galactic regions of highly ionized gas
(Martin & Kern 2001).

Electron temperatures and densities may be deduced from
line-intensity ratios through the standard expression for the
population balance among the relevant levels, which takes
into account the rate of change of the population of a given
level by considering all radiative and collisional transitions
with interconnecting levels. This procedure can be useful in-
sofar as the underlying Einstein A values for emission, or the
cross sections for electron-impact excitation, are accurately
known. If one observes in an astronomical plasma two op-
tical transitions, the first an allowed transition from an upper
level k to the ground state g and the second a forbidden
transition from a metastable level i to g, then the ratio R of
these intensities can serve as a diagnostic of the plasma
electron density Ne and possibly of the electron temperature Te
(Keenan 1993; Chutjian 2003). This intensity ratio R is given
in terms of the atomic parameters as

R ¼ Ek

Ei

Cgk

Cgi
1þ NeCim

Aig

� �
; ð1Þ

where Ek and Ei are energies above the ground state g. The
parameters Cgi and Cgk are collisional excitation rates (cm

3 s�1)
for exciting levels i and k, respectively, and Cim is the colli-
sional depopulation rate of the metastable level i to some other
level m. In equation (1), we use the fact that the optically
connected level k is in coronal equilibrium. The metastable
transition rate Aig is related to the mean level lifetime �(i) by
the usual sum over all decay routes from level i to lower levels l

(including the ground state g), �ðiÞ�1 ¼
PN

l¼i Ail. As noted by
Keenan (1993), equation (1) can serve as a diagnostic of Ne for
a plasma when NeCimkAig.

The present work is part of a series of measurements of
lifetimes of metastable levels in multiply and highly
charged positive ions. Previous lifetime measurements in C+

yielded separate A values for three sublevel transitions
in the 2s2p2 4P1=2;3=2;5=2 ! 2s22p 2P0

1=2;3=2;5=5 system (Smith,
Chutjian, & Greenwood 1999). Reported herein is the mea-
surement of the lifetime of the 2s22p2 1S0 level in O2+. These
data, when combined with absolute excitation cross sec-
tions for O2+ (Niimura, Smith, & Chutjian 2002), can provide
benchmark values for assessing results of theoretical calcu-
lations carried out over a wider electron energy range.

2. EXPERIMENTAL METHODS

A partial energy level diagram of the four 2s22p2 1S0 and
3P0,1,2 levels is given in Figure 1. The magnetic dipole (M1)
emission corresponds to the 1S0 ! 3P1 decay at 232.17 nm
(Wiese & Kelleher 1999). This emission line was isolated in the
present work by a narrowband interference filter, with its peak
of transmission centered at 232 nm, with a 12 nm (FWHM)
bandwidth. The filter rejected emission lines for the transition
1S0 ! 1D2 at 436.4 nm and the transition 2s2p3 5S02 ! 3P1;2

at 166 nm. The rejection of the latter transition was aided by
the fact that the light path to the UV multiplier phototube was
through the absorbing atmosphere.

Experimental measurements were carried out using the
14 GHz electron cyclotron resonance ion source (ECRIS) at the
Jet Propulsion Laboratory Highly-Charged Ion (HCI) facility
(Chutjian, Greenwood, & Smith 1999). The O2+ ions were
generated from both CO and O2 feed gas and extracted at 2 �
6:4 keV from the ECRIS. After extraction, the ions were
mass /charge selected using a double-focusing 90� selection
magnet. After the selection magnet, the HCI beam can be di-
rected by an electrostatic switcher into one of three beam lines
for excitation, charge-exchange/X-ray emission, and lifetime
measurements. In this work, the HCI beam is focused into a
Kingdon electrostatic ion trap for measuring lifetimes via op-
tical decays. No other ions of m=q ¼ 8 were present in the trap,
such as 56Fe7+ (no trace of the 54Fe isotope was detected, and
the plasma chamber had been cleaned since the use of ferrocene
1 yr prior) or 32S4+ (the plasma chamber had been changed
since the use of CS2 2 yr prior). A schematic diagram of the
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trapping section of the beamline is given in Figure 2 of Smith
et al. (1999). The complete beamline configuration (including
the ECRIS, the Kingdon trap beamline, the merged-beams
excitation line, and the charge-exchange/X-ray emission line)
can be found in Figure 3 of Chutjian et al. (1999). Descriptions
of the trap, the photon collection-detection methods, and the
data acquisition procedure have been given elsewhere (Smith
et al. 1999; Moehs, Church, & Phaneuf 1998).

Briefly, the O2+ ions are focused into the trap, after which the
central wire is rapidly pulsed to a potential 3 kV below the
acceleration potential of 6.4 kV. The ions settle into orbits
about this wire. This relaxed ion cloud is estimated to extend
over a diameter of 5–10 mm. This is much smaller than the
diameter of the trap (100 mm); hence, wall collisions are
minimized. While orbiting, they emit radiation at the wave-
length corresponding to the energy of the transition and (in the
absence of cascading into the upper level) at a decay rate given
by the inverse lifetime of the upper level. Ion population in the
upper level is also lost via collisional quenching, charge-
exchange collisions of the HCI with the background gas, and
collisions with the trap wire and walls. The photon detector and
interference filter are exterior to the (fused quartz) window of
the vacuum chamber. A positively biased mesh placed in front
of the photon-collection optics prevents ions from hitting the
first lens surface and causing fluorescence. The UV-grade,
solar-blind photomultiplier is operated in a pulse-counting
mode. The output pulses are amplified and counted with a PC-
based multichannel scaler, with a time resolution varying from
0.1 to 10 ms per channel, depending on which part of the decay
curve is being studied. The range of lifetimes that can be
measured is determined at the short end by the time it takes for
ions to settle into stable orbits (~1–2 ms), and at the long end
by the trap lifetime (~1.7 s), which is governed by the loss
mechanisms mentioned above.

3. RESULTS AND DISCUSSION

The detected photon pulses versus O2+ storage time are ac-
cumulated and stored in a multichannel scaler. The photon
decay curves are shown in Figure 2. As in the C+ work (Smith
et al. 1999), because of the low pressure in the trap during
operation (3� 10�10 torr), there is negligible loss of popula-
tion of the emitting state by ion-gas collisions. The ion radia-
tive decay rate is given by the form S exp ð�AtÞ, where S is the
amplitude of the photon decay for the 1S0 ! 3P1 transition, and
A its Einstein rate coefficient. The emission decay is fitted in

terms of the trap decay rate Rtrap by the modulating factor
exp(�Rtrap t). The trap decay is a result of ion-surface and ion-
background gas collisions. In addition, when one first loads the
trap, there is an initial rapid loss of ions in the first 1–2 ms (the
‘‘settling time’’) from collisions of improperly loaded ions with
the trap walls, the trap central wire, and ion-lens surfaces. We
denote this rate by Rset and the initial number of unsuccessfully
loaded ions by B0

set. Finally, there can be undesired O2+ ions in
their ground state or another long-lived excited state(s) that are
loaded into the trap. These ions will contribute to the photon
‘‘signal’’ as they strike the central wire, walls, or lens surfaces
and emit photons into the bandpass of the detection system.
This signal will decay with the characteristic trap loss rate Rtrap.
One can then describe the experimental photon decay curve by
the formula

FðtÞ ¼ BD þ S e�At þ Iu
� �

e�Rtrapt þ B0
sete

�Rsett; ð2Þ

where BD is the total number of phototube dark current counts
and Iu is the fraction of (undesired) ions in their ground or
other metastable, excited states.
The trap decay rate Rtrap is measured independently by

microchannel plates (MCP) exterior to the trap. These (non
CsI-coated) plates are insensitive to the 230 nm photons and
only respond to the positive ions in the trap. One then monitors
the ion population as the trap is emptied after different elapsed
trapping times, up to a maximum trapping time of 1.7 s (Smith
et al. 1999). In addition, the photomultiplier signal is moni-
tored over a longer (up to 2.0 s) time interval. This longer-term

Figure 1.—Partial energy level diagram showing the 2s22p2 1S0 ! 3P
transitions in O2+. Level energies are in cm�1, and wavelengths are in nm.

Figure 2.—Photon decay signal for the M1 232 nm decay branch in the
2s22p2 1S0 ! 3 P1 transition of O2+. (a) Decay in the range 0–1000 ms. The
best fit to the data (� ¼ 540 ms) is shown as the solid line. Other fits used to
establish the experimental error are shown as dashed lines, corresponding to
� ¼ 540 � 27 ms. (b) Residuals of the data fit in the same 0–1000 ms range.
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signal arises from ion-central wire, ion-trap wall, and ion-lens
surface collisions. The result of these independent techniques
(i.e., ion channel using the MCP and photon channel using the
phototube) gives a trap lifetime of 1750 � 200 ms.

The trapped O2+ ions may also decay by collisions with the
background gas. At the low trap pressures in the present work
(3� 10�10 torr), the effect of these collisions is negligible. To
see this, one may assume a reasonable rate constant for the
collisional removal of the 1S0 level. This rate constant includes
all effects that remove an emitting O2+ ion from the trap, in-
cluding charge exchange, collisional deexcitation, fine-struc-
ture mixing, and collisional ejection of the ions from the trap
(Church 1993). Taking a rather large rate constant of k ¼
1:0� 10�8 cm3 s�1 (see, for example, values listed in Table 7a
of Church 1993) and a background gas density n in the trap of
1� 107 cm�3 , one has a collisional loss rate of kn ¼ 0:1 s�1.
This is more than 18 times smaller than the metastable decay
rate of 1.85 s�1 and has only a small (5.6%) effect on the
measured radiative decay rate. (For example, using k ¼ 0:7�
10�8 cm3 s�1 reduces this correction to 3.8%.) To check the
sensitivity of the lifetime to gas pressure, we admitted Ar into
the trap at pressures of 3 3000� 10�10 torr. There was no
observed effect of excited-state quenching at the lowest pres-
sures, but quenching did become apparent in the higher part of
this range. This insensitivity to added gas was also confirmed in
our other unpublished measurements of lifetimes in high-
charge states of Fe and Mg.

In practice, runs over several months have been carried out
to improve the statistics of the exponential decay F(t) [eq. (2)].
Data acquisition of the multichannel scaler card is adjusted to
different time windows, as the 2048 channels of the card can
be set to a range of several milliseconds to seconds. Fits are
made to individual data sets. The Kingdon trap is filled and
dumped once every 1.3 s. One complete data run consists of
390 fill/dump cycles of the trap. There was a total of
about 290 such runs over eight days representing approxi-
mately 1:4� 104 s of data accumulation. These data were
combined with another series of runs taken months earlier,
which used a 256-channel scaler. All data are shown in
Figure 2 for the entire 0–1000 ms range. Shown in the insert
are the residuals of the fits in the same range. One notes
that there is a slight curvature to both the data and the fit. This
is a consequence of the two-exponential fit described by
the terms in brackets of equation (2). The fit to all data gave
the following values of the parameters, with the errors at the
1 � limit: BD ¼ 1139 � 11:9 counts, S ¼ 8566 � 17:6 counts,
B0
set ¼ 2760 � 72 counts, R�1

set ¼ 2:638 � 0:11 ms, and Iu ¼
0:016 � 0:008. Using the independently measured value
R�1
trap ¼ 1750 � 200 ms, one obtains the lifetime � ¼ A�1 ¼

540 � 27 ms. Because of the large difference between
the rate Rset and the rates A and Rtrap, the uncertainty in Rset and
B0
set does not affect the values or uncertainties in the param-

eters S, Rtrap, or A. The value of the lifetime was also
checked by performing a sensitivity analysis of the fit described
by equation (2). The parameters BD, S, and R�1

trap were varied
within their error range. It was found that � was most sensitive
to the value of BD. Hence the 27 ms error in � is primarily
composed of this error, and to a lesser extent the errors in S
and R�1

trap.
One can express the goodness of fit between the function

F(t) and the data di(t) by using the residuals�i and the standard
deviation �i through the expression �i ¼ ½FðtÞ � diðtÞ�=�i.
Poisson statistics are used, and the �i are calculated from the

square root of the total number of signal-plus-background
counts in each time bin. The residuals converged about zero,
and there was excellent agreement between data and fit with
a probability distribution given by the Gaussian function
Pð�Þ ¼ ð2�Þ�1=2

exp ð��2=2Þ. The data-fitting procedure was
performed for a number of data sets, with good statistics for
each set, and with 90% of the data falling within the 90%
confidence interval of �̃2. We point out, however, such statis-
tical agreements cannot be used to reveal systematic devia-
tions, which might be negative for short times and positive for
long times. As discussed above, the major systematic error in
the present data arises from the small effect of background gas
quenching. Also, the total data set and error limit herein con-
sist of lifetimes measured over a 1 yr interval, under different
beam-focusing and ECRIS-tuning conditions.

The measured lifetime of the 2s22p2 1S0 level was found to be
540 � 27 ms at the 1 � error limit. This compares well with the
one other ion storage ring experimental measurement of 530�
25 (1 �, Träbert et al. 2000). Theoretical values listed in Table 1
range from 392 to 1333 ms, 0.7 to 2.5 times the experimental
values. This spread in theoretical results points out the difficulty
of using theoretical data alone, which have not been verified by
experimental benchmark measurements. Calculations of the
intensity ratio R, as given by equation (1), can easily be in-
correct by factors of four, merely from the atomic physics Aig

data alone. Naturally, errors in the calculated collision strengths
and in the astronomical intensity observations themselves will
also contribute to errors in R and Ne.
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TABLE 1

Theoretical and Experimental Mean Lifetimes � (in ms)

for the 2s22p2 1S
0
Level in O

2+

Theoretical Experimental Reference

4429 1

1269 2

559� 56 3

546 4

546 5

546 6

540� 27 7

530� 25 8

527 9

519 10

517 11

392 10
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